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Abstract 
 
In the research of the microstructural influence on dynamic compression, an 
assumption that the  and the  phases in titanium alloys were linearly strengthened 
was proposed and a two-dimensional model using ANSYS focusing on the role of 
micro-geometrical structure was developed. By comparing the stress and strain 
distributions of different microstructures, the roles of cracks and phase boundaries in 
titanium compression were studied. 
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1. Introduction 
 
The microstructure and composition of a material determine its properties.  In 
titanium alloys, there is a close relationship between microstructure and properties 
[1].  Previous research by the authors found quantifiable relationship between the 
static and the dynamic mechanical properties and its microstructural parameters such 
as  plate length, width and length/width ratio, in a Ti-3Al-4.5V-5Mo alloy [2,3].  For 
examples, the  plate length/width ratio is inversely proportional to the width of the 
shear band during compression, the alloy tensile strength is proportional to the 
length/width ratio, and the crack formation energy is proportional to the length/width 
ratio.  However, the previous research by the authors on the microstructural 
parameters was confined to the annealing processing adjustment range, for the 
length/width ratio within 6.2-7.5.  During annealing, the  plate length and width 
change independently, which increases the difficulty of experimental research.  
Therefore, using numerical simulation to study the effect of microstructural changes 
in a wider domain on the mechanical properties can be important in identifying the 
titanium alloy microstructure for optimal dynamic processing properties.  At present, 
the research on the microstructure of titanium alloys is concentrated on the influence 
of thermomechanical deformation processing parameters on the material 
microstructure [4,5,6] and the effect of heat treatment on microstructure and 
mechanical properties [1].  Simulation work on the other hand is concentrated on the 
evolution of microstructures [1,7].  In the field of composites, there have been many 
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experimental and modelling studies on the effect of strengthening phase 
microstructural parameters on the mechanical properties of the composite materials.  
However, such computer simulation on the effect of microstructural parameters on the 
mechanical properties of titanium alloys has not been well conducted. 
 
In order to analyse the effect of titanium alloy microstructural characteristics on 
dynamic compression deformation, the present work has established a numerical 
model for dual phase titanium alloys.  The modelling uses ANSYS software package 
and it includes micro-geometrical morphology parameters.  The model can be used to 
study and compare the stress and strain distribution characteristics under different 
microstructural conditions, and to analyse the quantitative effects of  plate 
length/width ratio, crack, and phase boundaries on micro stress and strain 
distributions during compression deformation.  Exploring and evaluating the possible 
effects of microstructure on the mechanical properties of titanium alloys are 
potentially useful in the material design for cold compression of these alloys. 
 
2. Theory and calculation 
 
The study of the effects of  orientation, crack, and phase boundaries is achieved 
through setting up a multi-cell model and introducing phase boundaries and crack 
models. 
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2.1. The material model 
 
In the material model, we assume that the titanium alloy strain hardens linearly.  This 
agrees with experimental testing data within certain deformation ranges.  The material 
data used in modelling are listed in Table 1.  The stress-strain curves are shown in 
Fig. 1. 
 
The elastic modulus is a physical parameter reflecting the strength of the atomic 
bonding in crystals, and is thus not microstructural sensitive.  The factors affecting the 
elastic modulus of metallic materials are from the composition and solid solution of 
metallic alloys.  In titanium alloys, the  and the  phases have different crystal 
structures.  The  phase has a hexagonal close packed (HCP) structure, and the  
phase has a body centred cubic (BCC) structure.  Thus, the  phase has a higher 
elastic modulus.  The  phase has much higher yield strength than the  phase.  Data 
for some common titanium alloys are shown in Table 2.  Strain hardening is affected 
by many factors, such as temperature and compression speed.  However, the slip 
resistance of HCP crystal is larger than BCC  phase, which results in lower 
hardening of the latter. 
 
As for the elasticity heterogeneity consideration, the following explanation is 
provided. The  phase is of cubic crystal structure, which makes its elasticity 
heterogeneity far less than the  phase that has the HCP crystal structure and has only 
one close packed plane, (0001). Therefore, if considering all the situation of elasticity 
heterogeneity, it may be accomplished in the  phase, but for the  phase, it will be 
too overwhelming, and all the data thus obtained should be calculated statistically to 
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obtain a result that is comparable in different aspect ratios.  Luckily, we do not need 
this bureaucratic process because the macro elastic modulus is the same as the above-
mentioned calculated resultant. This is why the material model usually used in 
macroscopic scale is used here. However, it is worth mentioning that the 
approximation suggests that the texture in pure  titanium alloys and pure  titanium 
alloys are the same for the respective  phase and  phase. The texture effect was not 
considered.  For materials without sharp textures, this approximation is applicable, but 
for titanium alloys, this approximation may subject the results to some errors. 
 
As the modelling work in this paper has emphasis on the elastic part instead of the 
plastic part, to simplify the modelling process, the homogeneous linear hardening 
material model is used for  and  phases.  For the same reasons, the crystal plasticity 
model was not adopted in the calculations here. 
 
2.2. The multi-cell model 
 
Within one microstructure type, the  plate length, width and aspect ratio change 
systematically with annealing temperature and time.  Microstructural observation 
shows that in a larger scale, the orientation of the  plates is random, but the adjacent 
few  plates have a same direction and form a plate group.  Simplifying this physical 
morphology, the following multi-cell model is set up (Fig. 2).  In the matrix of the  
phase, we use ovals of different length-to-width ratio to represent  plates.  When 
considering the effect of crack and the weak phase boundary regions, the geometrical 
model will be modified slightly from this model.  Plane2 six-node triangle mesh [8] 
was used during simulation.  The size of the mesh is half of the minimum distance 
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between plates.  By changing mesh size for different aspect ratio, the computation 
time can be reduced.  The calculation was over 60 steps, with results saved every five 
steps. 
 
In the following two sections, stress and strain distribution simulation results are 
shown based on multi-cell models, for different length-to-width aspect ratios.  
Furthering and improving the multi-cell model, stress and strain distributions after 
introducing crack and phase boundary weak region have been simulated.  The effects 
of the aspect ratio, crack and phase boundary on the stress and strain distributions at a 
micro level during compression deformation are discussed. 
 
3. The influence of aspect ratio on stress and strain distributions at phase boundaries 
 
This section describes simulation results of the distributions of effective stress and 
effective plastic strain as functions of the aspect ratio during compression conditions, 
based on multi-cell models with different  plate aspect ratios, with fixed  plate 
width.  The compression degree is 20%.  The simulated effective strain distribution is 
shown in Fig. 3.  It can be seen that, under the same deformation degree, with 
increasing aspect ratio, Von Mises strain moves to the middle of the  plates.  Such 
transfer of the plastic strain will reduce the strain gradient inside the  plates, and 
help the  plates rotate.  Because this model does not consider friction at the top and 
the bottom of the cell, the whole specimen will be under single direction stress, if the 
microstructure were uniform.  So, the magnitude of the shear stress can be used as a 
measure of coordinated material deformation.  As can be seen from Fig. 4, with 
increasing aspect ratio, the region for maximum shear stress shrinks and eventually 
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disappears.  The variation of the shear stress between  plates is shown in Fig. 5.  We 
can see that, with increasing aspect ratio, the shear stress between the plates decreases 
continuously, i.e., the  phase acts as a strengthening phase to better effects.  This 
could be the reason for higher yield strength of titanium alloys having large aspect 
ratios [9], i.e., yield strength decreasing from the weave basket structure to 
Widmanstätten structure to equiaxed structure. 
 
Because phase boundaries play an important role in material deformation, in order to 
more visually clearly observe this effect and their effects on crack propagation, we 
now add a layer of new material at the interface between the  and the  phases in 
simulation.  Its strength is assumed one third of the  phase strength.  This, and other 
parameters used for the boundary layer, are included in Table 1. 
 
The atom arrangements in boundaries tend to be more irregular, corresponding to a 
lower elastic modulus.  This parameter is more important to modelling in this paper, 
because elastic stored energy is the main consideration.  Because the elastic modulus 
of the interface is assumed one third of the  phase, its yield strength is assumed one 
third as well, to make them yield at the same strain.  However, the boundary should 
have a higher strain-hardening rate, due to high dislocation density and dislocation 
pile-up.  There is no literature reference for the actual values used, and they are 
estimates or approximations for modelling here. 
 
This boundary thickness is set at one tenth of the  plate thickness.  The cell, 
boundary conditions and the mesh generation are the same as for the multi-cell model.  
Fig. 6 shows this geometrical model, which consists of three different material 
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parameters (, , and the interface layer).  AD and AB sides are symmetrical axes, 
BC is the free surface, and the load in displacement mode is applied on the DC side.  
The deformation degree is 5%.  Fig. 7 shows the simulated distribution of the 
effective strain corresponding to structures having aspect ratio between 2 and 6. 
 
From this figure, we can see that the phase boundaries coordinate the deformation, but 
this coordination effect reduces with increasing aspect ratios.  When the aspect ratio is 
4, though the inter-phase regions are the weak areas, the effective strain values there 
are quite small, similar to the matrix.  The deformation degree of the phase boundaries 
is different for different  plate aspect ratios, which can influence significantly the 
material deformation behaviour.  Because the effective strain at boundaries is not 
large in the high aspect ratio material, the crack tends to propagate through the  
plates.  With increasing  plate length for a fixed width, the probability of the crack 
going round the  plate decreases, which reduces the path distance of the crack 
propagation and thus the energy required for the crack propagation.  This is 
detrimental to the dynamic compression property of the material.  This has been 
verified experimentally within the aspect ratio range of 6-7.5. 
 
We may imagine that many “micro springs” form in the material.  Once the material 
behaviour deviates from linear hardening, the release of this energy will soften the 
material.  The coordination effect of the phase boundaries during deformation 
decreases with increasing aspect ratio.  This probably causes the crack propagation 
mode to change from inter-crystalline, i.e. boundary, propagation to trans-crystalline 
propagation.  The net effect is detrimental to the dynamic deformation property of 
titanium alloys.  On the other hand, with increasing aspect ratio, the strengthening 
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effect of the  phase is better used, and the deformation coordination between the two 
phases is improved.  Under the same strain conditions, the maximum effective stress 
and the effective plastic strain decrease, which help improve the static mechanical 
properties of the material.  This has been verified experimentally. 
 
4. Crack induced phase boundary stress relieve in dual phase titanium alloys 
 
During the dynamic compression of titanium alloys, usually, microcracks form before 
the fracture.  In areas around the cracks, locally, the material usually is under tensile 
stress and shear stress.  In this section, we will compare the effective stress (Fig. 8) 
and strain (Fig. 9) contours of specimens having an aspect ratio of 7 under 
unidirectional compression.  The deformation degree is 3%.  The results are analysed 
below. 
 
From the simulation results, the introduction of the crack has a dominating effect on 
the stress and strain distributions.  It in fact completely changes the original stress and 
strain distributions.  The maximum effective strain appears in front of the crack, and 
is 0.31, about ten times of the average effective strain.  In addition, a characteristic 
strain field is formed at the crack front.  The presence of the crack relieves the 
effective stress in the  phase greatly.  Its extreme value is also at the crack front, at 
1652 MPa, far greater than the average level in the specimen.  With increasing aspect 
ratio, the “equivalent springs” can store a greater amount of energy, but the crack 
propagation can effectively release this part of the energy, by using it as the energy 
required for the crack propagation.  Thus, for titanium alloys with large aspect ratios, 
the crack propagation is relatively easy.  This has been verified experimentally. 
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5. Conclusions 
 
In order to analyse the influence of titanium alloy microstructural characteristics on its 
dynamic compression deformation, a multi-cell numerical model of dual-phase 
titanium alloys has been developed using the ANSYS software, for different 
geometrical morphological parameters at a micro level.  The stress and strain 
distribution characteristics are compared for different microstructural conditions.  The 
effects of cracking and phase boundaries on micro stress and strain distributions 
during compression deformation are discussed, quantitatively.  It was found that the 
introduction of a crack releases the non-uniform stored energy. 
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Table 1. The mechanical properties of  and  phases in titanium alloys 
Phase Elastic modulus (MPa) Yield strength (MPa) Poisson’s ratio Strain hardening rate (MPa/%) 
 120,000 600 0.3 10,000 
 80,000 900 0.3 8,000 
Interface 40,000 200 0.3 20,000 
 
 
Table 2. Yield strength of some  and  type titanium alloys 
  alloys   alloys  
Composition Ti-5Al-2.5Sn Ti-2.5Cu Ti-5Mo-5V-8Cr-3Al Ti-15V-3Al-3Cr-3Sn 
Yield strength in annealed state (MPa) 680 400 885-980 1060 
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Fig. 1. Linear strain hardening constitutive model for  and  phases. 
 
 
 (a) (b) 
Fig. 2. Multi-cell plate microstructure of titanium alloys.  (a) Geometrical model; (b) 
mesh.  The boundary conditions are AB no movement in the vertical direction, AB 
and AD symmetry, BC free surface, and DC downward displacement loading. 
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     (a) (b) (c) 
       (d) (e) (f) 
 
Fig. 3. Von Mises plastic strain contours of the BT16 titanium alloy having different 
aspect ratios: (a) 4.5; (b) 4.8; (c) 5.5; (d) 6.5; (e) 7; (f) 7.5. 
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     (a) (b) (c) 
       (d) (e) (f) 
  
Fig. 4. Shear stress contours of the BT16 titanium alloy having different aspect ratios: 
(a) 4.5; (b) 4.8; (c) 5.5; (d) 6.5; (e) 7; (f) 7.5. 
 
 
Fig. 5. The relationship between the aspect ratio and the inter-plate shear stress. 
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Fig. 6. Multi-cell model containing phase boundaries. 
 
  
(a)     (b) 
       
(c)     (d)    (e) 
 
Fig. 7. Coordinated deformation around phase boundaries for different aspect ratios: 
(a) 2; (b) 3; (c) 4; (d) 5; (e) 6. 
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 (a) (b) 
Fig. 8. Effective strain (a) and effective stress (b) contour diagrams in the absence of 
crack.  Compression degree 3%. 
 
   
 (a) (b) 
Fig. 9. Effective strain (a) and effective stress (b) contour diagrams in the presence of 
crack.  Compression degree 3%. 
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